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MATERIALS AS ADDITIVES FOR ADVANCED
LUBRICATION

CONTRACTUAL ORIGIN OF THE INVENTION

The United States Government has rights 1n this invention
pursuant to Contract No. DE-AC02-06CH11357 between the
United States Government and UChicago Argonne, LLC rep-
resenting Argonne National Laboratory.

FIELD OF THE INVENTION

This invention relates to novel lubricant compositions
comprising a particulate carbon material suspended 1n a l1g-
uid carrier, which provide beneficial anti-friction and anti-
wear properties. The particulate materials have various
shapes, sizes, and structures and are synthesized by autogenic
reactions under extreme conditions of high temperature and
pressure. Specifically, the lubricant compositions have the
ability to significantly lower friction and wear, which trans-
lates 1nto the advantages of improving the durability and fuel
economies of motorized and mechanical devices.

BACKGROUND OF THE INVENTION

The transportation share of U.S. energy consumption 1s
around 28% (or 28.4 quadrillion Btu) with petroleum
accounting for 96% of this amount (every day, the U.S. con-
sumes about 13 million barrels of petroleum for transporta-
tion). Engine and drive-train friction accounts for 10-15% of
the fuel’s total energy used in current vehicles, which trans-
lates to about 1.3 to 2 million barrels of petroleum/day lost to
friction alone. Furthermore, a significant amount of energy 1s
spent to remanufacture and/or replace worn parts in these
systems. In short, the energy efficiency, durability, and envi-
ronmental compatibility of all motorized and mechanical
devices are closely related to the effectiveness of the lubri-
cants on rolling, rotating, and sliding contact surfaces. Poor or
ineflicient lubrication results 1n higher friction and severe
wear losses, which 1n turn adversely impacts performance
and durability [1]. In addition, lubricants can include addi-
tives such as viscosity index improvers, anti-oxidant agents,
anti-corrosion agents, wear-protection agents, acid neutraliz-
ers, dispersants and the like to provide beneficial properties.

The energy efliciency, durability, and environmental com-
patibility of all kinds of moving mechanical systems (1includ-
ing engines) are closely related to the effectiveness of the
lubricants being used on their rolling, rotating, and sliding
surfaces. Therefore, lubricants play a vital role in machine
life, efficiency, and overall performance. Poor or ieificient
lubrication always result in higher friction and severe wear
losses, which can 1n turn adversely impact the performance
and durability of mechanical systems. In particular, progres-
stve wear due to mmadequate lubrication 1s one of the most
serious causes ol component failure. Inadequate lubrication
can also cause significant energy losses in the above-men-
tioned industrial systems mainly because of high friction.

Currently, there are numerous solid lubricants available at
sizes ranging from 1 nm to more than 500 nm 1n powder
forms. The finer solids (1.e. 1 to 30 nm range) are mostly made
ol nanostructured carbons, like C,,, nano-tubes, nano-fibers,
and nano-onions while intermediate range lubricants (30 to
100 nm) are made of inorganic solids, such as MoS,, WS,
h-BN and pure metals (like gold, silver, tin, bismuth, etc.).
WS, 1s synthesized typically in the form of fullerene-like
particles and hence 1t 1s often referred to as inorganic
fullerene or, IF. Most of these materials are manufactured
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using a bottom-up approach involving multi-step chemical
synthesis routes (e.g. gas phase chemical processing, com-

bustion synthesis, sonochemistry, etc.) and the uses of envi-
ronmentally unsate chemicals. Many current processes also
generate large amounts of toxic by-products to deal with after
the manufacturing.

There 1s an ongoing need for new lubricant compositions
that are environmentally friendly or benign, and which pro-
vide reduced {iriction and wear. The present invention
addresses this need.

SUMMARY OF THE INVENTION

The present invention relates to the development of various
carbon-based additive materials for improving the anti-fric-
tion and anti-wear properties of lubricants, for example, 1n
engine oils, diesel fuels and greases. Conventional lubricants
do not yet meet the expectations of providing the performance
requirements ol motorized and mechanical devices. Carbon1s
an extremely versatile material that exists 1n numerous forms
with diverse physical, chemical, electrical and electrochemi-
cal properties. Certain carbonaceous particles, such as carbon
nano-onions, carbon nano-fibers, carbon nano-tubes and sub-
micron graphite particles have all been considered for lubri-
cation purposes in the past but they tend to be expensive,
ineffective, and difficult to scale-up.

The present invention relates to the design and develop-
ment of novel carbon-based materials as anti-friction and
anti-wear additives for advanced lubrication purposes. The
carbon-based materials have various shapes, sizes, and struc-
tures and are synthesized by autogenic reactions under
extreme conditions of high temperature and pressure. The
materials of the invention are created typically by the disso-
ciation of organic, organo-metallic or polymeric compounds,
such as plastic waste 1n absence or presence of a catalystin a
closed, ventable reactor in which the pressure 1n the reactor 1s
provided solely by vaporization of carbon-based precursors
(1.e., autogenic pressure generation). The resulting carbon
products are typically 1in the form of carbon nanotubes, fibers,
spheres or clusters that can optionally contain elements such
as B, Fe, Co, N1, Mo, W, Ag, Au, Sn, B1 or their oxides,
carbides, borides, nitrides and sulfides. Under severe tribo-
logical conditions, these carbon-based additives can improve
lubrication properties without having a negative environmen-
tal impact. Specifically, the novel lubricants have the ability to
significantly lower friction and wear, which can translate, for
example, into improved fuel economies and longer durability
of engines and mechanical devices.

In one embodiment, the present invention provides a lubri-
cant composition comprising carbon particles suspended 1n a
liquid hydrocarbon carrier. The carbon particles are prepared
by heating a neat, high or low density polyethylene-contain-
Ing precursor composition in a sealed reactor at a temperature
in the range of at least about 700° C. and under an autogenic,
self generated pressure 1n the range of about 800 to about
2000 pounds-per-square inch (ps1), subsequently cooling the
reactor to less that 100° C., and 1solating the resulting par-
ticulate carbon material from the reactor. Preferably, the car-
bon particles are present 1n the composition at a concentration
in the range of about 0.1 to about 2 percent by weight (wt %),
more preferably about 0.5 to about 1 wt %.

In some preferred embodiments, the composition further
comprises a surfactant (e.g., to aid in suspension of the carbon
particles. Non-limiting examples of suitable surfactants
include non-1onic surfactants such as sorbitan trioleate. Other
suitable surfactants include sorbitan sesquioleate (SSO) and
Surfonic LF-17 (an ethoxylated and propoxylated linear C, -
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C, , alcohol). Preferably, the surfactant 1s present in the com-
position at a concentration 1n the range of about 1000 to about

20000 parts-per-million (ppm), more preferably about 5000
to about 10000 ppm.

The liquid hydrocarbon carrier preferably comprises a poly
(alpha olefin). Examples of suitable hydrocarbon carriers
include poly(alpha olefin) materials. Preferred poly(alpha
olefin) materials have a kinematic viscosity in the range of
about 4 to about 10 centistokes (cSt) at about 100° C., e.g.,
about 4 cSt.

In some preferred embodiments, the precursor composi-
tion of the carbon particles 1s high or low density polyethyl-
ene, and the particles are generally spherical in shape, not
hollow, and have an average diameter 1n the range of about 1
to about 5 micrometers. Optionally, the spherical particles
can be heat-treated under an 1inert atmosphere at a temperature
in the range ol about 1000 to about 3000° C. prior to suspend-
ing 1n the liquid hydrocarbon carrier, and the carbon particles
have a density of about 2 grams-per-cubic centimeter (g/cc) to
about 2.3 g/cc (e.g., about 2.1 g/cc).

In other preferred embodiments, the precursor composi-
tion of the carbon particles the precursor composition com-
prises a combination of low or high density polyethylene and
about 5 to about 20 wt % of a metal-containing compound.
For example, the metal-containing compound can be a metal
carboxylate salt, metal phosphate salt, a metal oxide, a metal
sulfide, a metal carbine, a metal boride, a metal nitride, or an
organometallic compound. Examples of suitable metals for
the metal-containing compound include B, Fe, Co, Ni, Mo,
W, Ag, Au, Sn, and Ba.

In one preferred embodiment, the metal-containing com-
pound comprises cobalt acetate, and the carbon particles
comprise metallic cobalt nanoparticles with face-centered
cubic crystal symmetry encapsulated within carbon nano-
tubes having an average tubular diameter of less than about
100 nm. When the metal-containing compound comprises
terrocene, the carbon particles comprise metallic 1ron nano-
particles with face-centered cubic crystal symmetry encapsu-
lated at the t1ip of carbon nanotubes having an average tubular
diameter of less than about 100 nm.

Tribological studies of lubricant compositions of the
present invention demonstrate a 30 to 40% reduction in wear
relative to pure hydrocarbon-based lubricant 1s feasible even
under severe sliding conditions. Reduction 1n friction was
also substantial. Further improvements in lubrication proper-
ties can be expected by tailoring the reaction conditions and
morphological properties of the carbon matenals, for
example, by graphitization of the carbon spheres or nano-
tubes, controlling particle size and surface properties to
ensure that individual particles remain in suspension, prefer-
ably as a colloid through steric stabilization or electrostatic
stabilization, to prevent aggregation of the particles. Overall,
the lubricant compositions of the present invention have high
potential to further enhance the lubricity of current lubricants
formulations and hence improve the engine efficiency and
performance of motorized and mechanical devices. More-
over, the autogenic processes described 1n this mvention to
prepare the carbon-based particle component of the lubri-
cants 1s very versatile and can be used to synthesize a wide
variety ol nano-lubricant additive maternials, such as boron
oxides, metal sulfides, and the like.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 provides (a) Scanning electron micrograph (SEM)
of carbon spheres synthesized by an autogenic reaction; (b)
High resolution SEM image of single carbon sphere; (c)
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Transmission electron micrograph (TEM) cross section of
carbon sphere; and (d) High resolution TEM image cross

section of carbon sphere.

FIG. 2 provides (a) Raman spectrum of as-prepared carbon
spheres; (b) Transmission electron micrograph of carbon
single sphere; and (c) Electron diffraction image of carbon
spheres.

FIG. 3 provides (a-b) Scanning electron micrograph of
carbon spheres heat treated at 2400° C. 1n an inert atmosphere
at different magnifications; (¢) Comparative energy disper-
stve X-ray spectroscopy analysis of carbon spheres prepared
at 700° C. and subsequent heat-treatment at 2400° C.; and (d)
Comparative X-ray diffraction (XRD) patterns of carbon
spheres prepared at 700° C. and subsequent heat-treatment at
2400° C.

FIG. 4 provides (a-b) Scanning electron micrographs of
cobalt encapsulated carbon nanotubes at various resolution;
and (c¢) powder X-ray diffraction pattern of cobalt encapsu-
lated carbon nanotubes.

FIG. 5 provides (a-b) Scanning electron micrographs of
iron encapsulated carbon nanotubes at various resolution; (c)
transmission electron micrograph of 1ron encapsulated car-
bon nanotubes; and (d) powder X-ray diffraction pattern of
iron encapsulated carbon nanotubes.

FIG. 6 illustrates friction (top) and wear (bottom) perfor-
mance of a base o1l when used 1n a sliding experiment where
a steel ball slides against a steel plate.

FIG. 7 illustrates friction (top) and wear (bottom) perfor-
mance ol a carbon sphere additive lubricant of this invention.
The size of wear scar 1s reduced more than 30% and the severe
abrasitve wear marks are eliminated from the sliding surfaces.

FIG. 8 1llustrates friction (top) and wear (bottom) perfor-
mance of a carbon fiber-containing lubricant of this invention.
The wear scar 1s reduced more than 40%, while the abrasive
wear marks are eliminated from the sliding surface.

FIG. 9 1llustrates improved {riction performance of a car-
bon sphere-containing lubricant using the as-prepared
spheres (700° C.) with the addition of a surfactant. The fric-
tion coelficient 1s reduced by more than 30% with improved
wear resistance.

FIG. 10 illustrates improved friction performance of a car-
bon fiber-containing lubricant with the addition of surfactant.
The friction coetlicient 1s reduced by more than 30% with
improved wear resistance.

FIG. 11 illustrates improved friction performance of a car-
bon sphere-based lubricant using the spheres that had been
heat-treated at 2400° C. with the addition of a surfactant. The
friction coellicient 1s reduced by more than 30% with
improved wear resistance.

FIG. 12 illustrates a reaction film observed on the steel
surface when tested with a carbon sphere-containing lubri-
cant and sorbitan trioleate surfactant. The reaction film was
carefully cross-sectioned using a Focused Ion Beam (FIB)
method and observed with a transmission electron micro-
scope. Points a, b, ¢ confirm the presence of a carbon rich
species 1n those areas.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

PR.

(L]
=]

ERRED

The following examples are provided to illustrate certain
preferred embodiments of the present invention, and are not
to be considered a limiting the scope of the appended claims.
The examples demonstrate, 1n particular, the versatility of
autogenic reactions in synthesizing carbon-based materials
with a diverse range of particle morphologies, conducive to
their use as additives for lubrication technology.
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Description of Test Equipment and Facilities

Autogenic Reactor.

The typical custom made reactor used 1n the making of the
carbon-based additives can operate up to a maximum work-
ing pressure ol about 2000 pounds per square inch and a
maximum temperature of about 800° C. To fabricate the wide
range ol carbon-based materials 1 our mvention, various
autogenic reaction parameters such as heating rate, tempera-
ture, duration, reactant concentration, stoichiometry, pres-
sure, and atmosphere (either oxidizing, reducing or inert)
have to be carefully controlled. The additives can be synthe-
s1zed either 1n amorphous or crystalline form. Moreover, the
autogenic method can produce, 1n situ, distinct ‘core-shell”
maternials, for example, those with a metal, metal alloy, or
metal oxide core and an outer shell containing carbon moi-
cties. Preferably, the reactor operates under conditions rang-
ing from a mimimum working pressure of about 100 pounds
per square inch and a minimum temperature of about 100° C.,
to a maximum working pressure in the range of about 800 to
about 2000 pounds per square inch and a maximum tempera-
ture in the range of about 300 to about 800° C. The novel
carbon additives produced by the specific reactor of this
invention can be used in a wide range of lubrication applica-
tions, including, for example, mternal combustion engines,
wind turbines, compressors, space mechanisms, and hydrau-
lics.

Lubricant Test-Sample Preparation.

Carbon spheres and tube-like carbon materials produced
under autogenic conditions were mixed with and dispersed in
a selected base-lubricant (Poly alpha olefin, 4 cSt). Specifi-
cally, 1 wt. % of particulate sample was added to the base-
lubricant to prepare the colloidal mixture of carbon spheres
and tubes 1n the base oils. The blend was stirred continuously
at 60° C. for approximately 1 hour prior to being evaluated
with several tribological test machines.

Tribological Test Set-Up.

The tribological performance of the test lubricants was
evaluated using the facilities at the Tribology Section at
Argonne National Laboratory. Tests were conducted at
extremely high contact pressures and at elevated tempera-
tures that are representative of the typical operating condi-
tions ol real automotive/industrial components. Two different
tests were conducted: 1) Ball-on-Disc (severe Point contact)
Test; 2) HFRR (extremely severe Line contact).

Ball-on-Disc Tribo-Tester.

The ball was loaded on top of the plate 1n order to create a
contact pressure of 1 GPa. The tests were conducted at 100°
C. The plate was rotated at variable speeds and it was pressed
and sliding against the ball sample. The vanation 1n the speed
of the plate rotation affected the lubrication regime. The
speed was changed every 15 minutes from high speed to low
speed and then back to high speed. Thus, the setup was made
to simulate extreme test conditions.

HFRR Tribo-Tester.

The cylinder was loaded on top of the plate sample 1n order
to create a contact pressure of 1 GPa. The tests were con-
ducted at 100° C. The plate was reciprocated at a constant
speed of 50 rpm (1 Hz) and 1t was sliding against the cylin-
drical sample. Thus, the setup was made to simulate extreme
line contact test conditions.

Post-Test Analysis.

Once, the tribological tests were completed, the test
samples (ball, cylinder and plates) were retrieved and cleaned
using solvents. After cleaning, the worn areas, roughness
measurements were made using an optical microscope.
Selected samples were observed using Electron Microscopy
to check for wear patterns. The FIB-TEM (Focused Ion
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Beam—Transmission Electron Microscopy) facility at the
University of Illinois-Urbana Champaign was used to visual-

ize the boundary or tribochemical reaction film on the rub-
bing surface. In order to measure the thickness of the tribo-
film, selected tribological test samples were mounted 1n a
focused 1on beam (FIB) microscope. An area of uniform
tribofilm on the wear track was 1solated and an area of 5
umx20 um was milled using a gallium 10n beam 1n a direction
perpendicular to the motion of the cylinder. The depth of the
sputtered area 1n each case was approximately 4 um. A trans-
mission electron micrograph revealing the cross section of the
tribofllm was generated using the secondary electron detector
located at an angle of 54° from the direction vertical to the
surface of the sample.

Example 1
Preparation of Carbon Spheres

The controlled thermal decomposition of high density or
low density polyethylene at about 700° C. for about 1 min to
3 hours 1n a closed reactor under autogenic (self-generating)
pressure yielded solid carbon microspheres, approximately
1-5 um 1n diameter, as 1llustrated 1n the scanning electron
microscope images 1n FI1G. 1, panels (a) and (b). The particles
are almost pertfectly spherical 1n shape and have smooth sur-
faces. The cross-section transmission electron micrograph
confirmed that the carbon spheres are solid and not hollow
(FIG. 1, panel ¢). Elemental C, H, N, S analyses showed that
the carbon spheres are comprised of more than 98 wt. %
carbon and less than 0.4 wt. % hydrogen; no significant
amounts of N or S were detected. EDX elemental analyses
confirmed that the spheres were essentially carbon; no 1mpu-
rities are detected by this method. The turbostratically disor-
dered structure of the as-prepared spheres 1s retlected by the
broad X-ray diflraction peaks centered at approximately 25,
42.3 and 44.3° 20 that correspond to the layering (002), (100),
and (101) retlections, respectively. The broad (002) peak, 1n
particular, encompasses diffuse sets of interlayer distances
that, on average, are larger than those in crystalline graphite
(typically 0.344-0.355 nm). The high resolution transmission
clectron micrograph of a cross section of carbon spheres 1s
depicted 1n FIG. 1d. The short order graphitic planes and
some disorder are observed. The interlayer spacing results are
analogous to XRD measurements.

Raman spectra were obtained at room temperature using an
In Via Raman spectrometer using 633 nm red laser with 10%
intensity to determine the extent of graphitic disorder within
the carbon spheres. The Raman spectrum of the as-prepared
carbon spheres (FIG. 2a) 1s typical for a hard carbon, with a
broad band at 1315 cm™" representing a highly disordered (D)
graphite arrangement within the carbon spheres and a band at
1585 cm™", characteristic of a more ordered graphitic (G)
structure. The D band has been attributed to the vibration of
carbon atoms with dangling bonds for the in-plane terminated
disordered graphite component. The G-band, corresponding
to the E,_, mode, 1s closely related to the vibration of Sp”
bonded carbon atoms 1n a 2-dimensional hexagonal lattice, as
in graphene. Methodically measuring the peak heights of D
and G bands, the ID/IG ratio was calculated for the carbon-
aceous materials. The intensity ratio of the D- and G-bands
(ID/1G) of 1.1 further quantifies the relative levels of disor-
dered glassy carbons, indicating that the processing tempera-
ture at which the spheres were synthesized (700° C.) was not
suificiently high to allow for the alignment and growth of
graphitic sheets within the carbon macrostructure. The gra-
phitic content within the carbon spheres can be increased and
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controlled by subsequent heating in an inert atmosphere or
under vacuum, for example, about 1000 to about 3000° C.,
preferably about 2000 to about 3000° C. to increase the mher-
ent strength and toughness of the spheres. The transmission
clectron micrograph of the as-prepared carbon spheres
showed a very smooth surface with several micrometer diam-

cters (F1G. 2b). The BET (Brunauer, Emmett, Teller) surface
arca measurements were carried out using a Quantachrome
Instrument after outgassing the carbon spheres at 150° C. for
12.0 hrs. The BET surface area of carbon sphere was mea-
sured to be 4.6 m*/g, with a total pore volume of 0.0078 cc/g.
The density measurements of carbon spheres were deter-
mined using an automatic density analyzer (Quantum Instru-
ments, Ultrapyc 1200¢ at 22° C.) with purging He gas. The
measured average density of carbon spheres was 2.3 g/cc,
which 1s close to the theoretical value for graphitic carbon.
The diffuse X-ray diffraction image due to an amorphous
carbon product (FI1G. 2¢) 1s consistent with the Raman data.

Furthermore, the above-mentioned carbon spheres pre-
pared at 700° C. were heated at 2400° C. for 1 hour under inert
conditions to enhance the graphitic character of the spheres. It
1s apparent from FIGS. 3a-b that the heat treatment process
had a negligible effect on the spherical shape and overall
morphology of the particles, confirming the remarkable sta-
bility of the spheres when heated to an extremely high tem-
perature. EDX elemental analyses confirmed that the spheres
were essentially carbon; no impurities could be detected by
this method 1n both as-prepared and heated carbon spheres
samples (FIG. 3¢). The measured average density of heat
treated carbon spheres 1s approximately 2.1 g/cc. The BET
surface area of heated carbon spheres is reduced to 1.05 m*/g
alter high temperature heat treatments (2400° C.) for 1 hourn
an ert atmosphere. The decrease 1n the surface area in the
heated carbon spheres 1s attributed to the removal of pores
during the high temperature treatment and sintering of the
spheres that 1s believed to increase their strength and tough-
ness. The XRD patterns of the heat-treated carbon sphere
products are shown 1n FIG. 3d (top, (700° C.) and bottom
(2400° C.), respectively). The increase 1n graphitic order on
heating the carbon spheres to 2400° C. 1s observed. The
increased strength and toughness of the heated carbon
spheres 1s believed to account for the improved friction and
wear behavior, as described more fully 1n the following sec-
tions. In particular, 1t 1s believed that the carbon spheres may
act as ball bearings that employ a “rolling” mechanism to
reduce the Iriction between sliding surfaces, and the wear
thereof.

Example 2

Synthesis of Cobalt Encapsulated Carbon Nanotubes

Using two different catalysts, carbon nanotubes were pre-
pared under autogenic conditions. In the first case, the ther-
mal decomposition of 2 g of low density polyethylene
(LDPE) and 20 wt % cobalt acetate, Co(C,H,0,), catalyst
was carried out by a similar procedure to that described
above. Up to 680° C., the pressure within the reactor reached
about 50 psi1 (3.4 atm) before increasing rapidly to 1000 psi
(68 atm) at 700° C. At 700° C., the reactor was heated for 2
hours before being cooled to room temperature. The yvield of
carbon nanotubes (CNTs) was 40 wt. %. SEM 1mages of the
carbon nanotubes prepared by the thermolysis of low density
polyethylene in the presence of a cobalt acetate catalyst, are
shown 1n FIGS. 4a and 454; the CN'T’s are several micrometers
in length and have an average diameter of less than 100 nm.
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The CNT's encapsulate nanosized metallic Co particles, less
than 100 nm 1n size, as confirmed by transmission electron
microscopy. X-ray diffraction data indicated that the carbon
was largely graphitic in character and that the entrapped
cobalt had face-centered-cubic symmetry (FIG. 4¢). Simi-
larly, the high density polyetheylene was used as a source of
hydrocarbons for the production of carbon nanotubes under
autogenic conditions.

Example 3
Synthesis of Iron Encapsulated Carbon Nanotubes

Because cobalt 1s relatively expensive element, 1ron based
catalysts were evaluated. For example, the thermal decompo-
sition of 2 g of low density polyethylene (LDPE) and 20 wt %
terrocene, C, H, Fe catalyst at about 700° C. for about 3
hours 1n a closed reactor under autogenic (sell generating)
pressure yielded Fe-containing carbon nanotubes (CNTs).
SEM 1mages of these carbon nanotubes are shown 1n FIGS.
5a and 5b. The CNTs are several micrometers in length and
have an average diameter of less than 100 nm. The transmis-
s1on electron micrograph of an individual CNT shows a cylin-
drical form (FIG. 5¢) that encapsulates the 1rron nanoparticle
catalyst at the tip of the tube. CNT's with an approximate 30
nm inner diameter and a shell thickness of 20 nm are depicted
in the TEM 1mmage. X-ray diffraction data (inset 1in FIG. 5d)
indicated that the carbon nanotubes were largely graphitic 1n
character and that the entrapped 1ron had face-centered-cubic
symmetry. Additionally, small reflection peaks belongs to
Fe,C (marked with asterisks) were observed indicating that
the carbide phase can be formed at relatively low temperature
under autogenic conditions.

These novel particles are derived from disposable plastics
by the autogenic reaction process 1n the forms of spheres,
tubes, tubes with metal encapsulation, and fibers. When
mixed with appropnate lubricants, these particles have the

capacity to significantly lower the friction and enhance wear
resistance of sliding steel surfaces.

Example 4

Tribological Testing of Conventional
Base-Lubricants

Tribological testing was conducted using the Ball-on-Disc
Tribo-tester as described herein. A base-lubricant of poly
(alpha olefin) having a viscosity of about 4 centiStokes (cSt)
was tested under these extreme conditions. As shown 1n the
FIG. 6(a), there was high friction under all sliding speeds.
Moreover, the friction was very high (0.16) under lowest
speed test conditions.

The wear of the sliding surfaces after testing 1n base lubri-
cant1s shown in FIG. 6(b). There was a large wear scar formed
on the ball surface after the tribological test. The diameter of
this wear scar was about 330 um. The high wear was most
likely the result of poor performance of the base-lubricant.
Moreover, the wear scar was not covered with a protective
boundary film; hence, 1t was shiny and metallic looking The
roughness results are presented 1n FIG. 6(c). The wear scar
had a roughness value of about 122 nm.

The data indicate that the base-lubricant was unable to
react with the sliding contact surfaces of ball and plate to form
any type of protective boundary layer, and hence, resulted 1n
high friction and high wear. The high friction affects effi-
ciency and high wear affects durability of mechanical system.
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Thus, the base-lubricant was unable to provide any significant
tribological advantages.

Example 5

Tribological Testing of Carbon Sphere Based
Lubricants

Tribological testing was conducted using the Ball-on-Disc
Tribo-tester as described herein. The carbon spheres pro-
duced under the autogenic conditions of this invention as 1n
Example 1 were dispersed in the base-lubricant described 1n
Example 4 at a concentration of about 1 wt % and then were
tested under the extreme test conditions mentioned above. As
shown 1n the FIG. 7(a), there was substantial reduction 1n
friction at all sliding speeds compared to the base-lubricant
discussed in Example 4. Moreover, the friction was relatively
moderate (0.12) under the lowest speed test conditions where
more frequent metal-to-metal contacts occur.

The wear result from the carbon sphere-based lubricant 1s
shown 1n FIG. 7(b). There was a partially dark wear scar on
the ball surface after tribological testing and the wear scar was
much smaller (1.e., 230 um) than the scar observed 1n the test
in base-lubricant (FIG. 6(b)). The wear scar was covered
(about 50%) with a protective film. The roughness results are
presented in FIG. 7(c). The wear scar had lower roughness
(about 83 nm) than what was measured on a wear scar created
in pure base-lubricant.

The data indicate that the carbon sphere-based lubricant
was able to react with the contact surfaces of ball and plate to
form a protective boundary layer. The wear scar was partially
covered by a dark (black) layer of the carbon material, which
resulted 1 reduction of friction and wear compared to the
base-lubricant performance. The reduced 1Iriction can
improve the efficiency while low wear enhances the durabil-
ity of mechanical systems. Thus, the carbon sphere-based
lubricant additive was able to provide superior friction and
wear properties.

Example 6

Tribological Testing of Carbon Fiber-Based
Lubricants

Tribological testing was conducted using the Ball-on-Disc
Tribo-tester as described herein. Carbon fiber maternials
(about 1 wt %) produced under autogenic conditions were
dispersed in the base-lubricant described 1n Example 4 and
then tested under the extreme conditions of the Ball-on-Disc
test. As shown in the FIG. 8(a), there was a marked reduction
in the friction coelfficient under all steps of sliding speed
compared to what was observed from the base-lubricant
alone. Moreover, the Iriction was still reasonable (1.e., 0.12)
under the lowest speed test conditions.

Wear results for the carbon fiber-based lubricant 1s pre-
sented 1n FIG. 8(b). There was a sigmificantly smaller and
darker wear scar formed on the sliding ball surface after
tribological tests. The actual size of the wear scar was about
190 um 1n size compared to 330 um diameter wear scar
tformed during tests with the base-lubricant alone (FIG. 6(d)).
The wear scar was mostly covered (about 70%) with a pro-
tective darker-looking carbon film. The roughness results are
presented in FI1G. 8(c¢). The wear scar had a roughness value of
about 115 nm.

It 1s believed that the carbon fiber-based lubricant was able
to react with the sliding contact surfaces of ball and plate to
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form a highly protective carbon-rich boundary layer. Forma-
tion of such a boundary film resulted in the reduction of
friction and wear compared to the base-lubricant perfor-
mance. The reduction 1n friction improves the efficiency and
low wear enhances the durability of the mechanical system.
Thus, the new carbon fiber-based lubricant provided excellent
tribological results.

Example 7

Improved Performance of Carbon Sphere Based
Lubricants

It was demonstrated in Example 5 that carbon spheres
(heat-treated at 700° C.) provided good tribological perfor-
mance when used as an additive to a base-lubricant. However,
there were two factors that may have limited optimum per-
formance, 1.e., (1) dispersibility of the carbon particles 1n the
carrier o1l over an extended period of time, and (2) relatively
higher friction values under extreme boundary conditions.

In order to keep the carbon particles suspended 1n the
carrier o1l, a surfactant was added (sorbitan trioleate (STO)
about 10000 ppm), which provided very good performance
and very consistent and long-duration shelf life without par-
ticle agglomeration, separation or settlement. It 1s believed
that the particles were covered by the hydrophilic chains of
STO, and therefore, increased the homogeneous dispersion/
suspension of the carbon sphere particles 1n the base-lubri-
cant.

Tribological tests were conducted under severe line contact
conditions and at high temperatures using the High Fre-
quency reciprocating rig (HFRR Tribo-tester) as described
herein. As shown in FIG. 9, there was a 30% reduction 1n the
friction when the carbon sphere additive and STO based
lubricant composition was used, when compared to the car-
bon sphere-based lubricant alone. Addition of surfactant
(STO) to the carbon sphere-based lubricant additive of this
invention significantly improved the dispersibility of the car-
bon spheres and 1t was also able to further improve the friction
performance of the carbon sphere-based lubricant composi-

tion.

Example 8

Improved Performance of Carbon Fiber-Based
Lubricants

Tribological tests under extreme severe line contact condi-
tions were conducted using the High Frequency reciprocating
rig (HFRR Tribo-tester) as in Example 7. Carbon-fiber par-
ticles produced by the autogenic reactions of this mnvention
were dispersed 1n the base-lubricant with and without the
STO surfactant (10000 ppm) and then tested under these
extreme conditions. As shown in the FI1G. 10, there was a30%
reduction 1n friction when the carbon sphere and STO based
lubricant compared to the carbon fiber-based lubricant with-
out surfactant. Addition of the STO surfactant to the carbon
fiber-based lubricant additive of this invention significantly
improved the dispersion/suspension of the carbon spheres

and the friction performance of the carbon fiber based lubri-
cant.

Example 9

Improved Performance of High-Temperature Treated
Carbon Sphere-Based Lubricants

Tribological tests were conducted under severe line contact
conditions and at high temperatures using the High Fre-
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quency reciprocating rig (HFRR Tribo-tester) as in Example
7 and 8. Heat treated carbon spheres produced under autoge-
nic conditions as 1n Example 1 were dispersed 1n the base-
lubricant (at a concentration of about 1 wt %) with and with-
outthe STO surfactant (10000 ppm) and then tested under the
severe test conditions mentioned above. As shown in FI1G. 11,
there was a 30% reduction in the friction of this carbon
sphere- and STO-based lubricant composition compared to
the carbon sphere-based lubricant alone. Moreover, there was
excellent wear resistance offered by these carbon spheres
(heat-treated at 2400° C.) with, and without, surfactant. Car-
bon spheres heat-treated at 2400° C. provided excellent wear-
resistance compared to carbon spheres heat-treated at 700° C.
thereby indicating the benefit of heating the carbon spheres to
significantly high temperatures (2000-3000° C.) prior to use.
Addition of the STO surfactant to the carbon sphere-based
lubricant significantly improved the dispersibility of the car-
bon spheres; 1t also further improved the friction properties of
the carbon sphere-based lubricant composition.

Example 10

Although the carbon materials produced by autogenic
reactions olfered excellent tribological performance, there
are several ways to optimize their properties even further.
Treatment of particles with surfactants did influence the sur-
face chemistry of these particles and hence their interactions
with sliding surfaces. In particular, the addition of polar sur-
factants 1nto the carrier oils improved the interaction of the
particles. Sorbitan trioleate (STO), provided a very desirable
performance (FIG. 9, FIG. 10 and FIG. 11). When STO was
added to the carbon particle-containing blends, the friction
was reduced by 30%. The reason for this good performance
may be attributed to the hydrophilic sorbitan portion of the
STO surfactant enhancing the interaction of the carbon par-
ticles with the steel surfaces, and keeping the particles uni-
formly dispersed in the base oils. The hydrophobic oleate
portion of the molecule likely participates in the tribochemi-
cal reaction along with carbon particles and forms durable
boundary films on the sliding surfaces.

A high resolution transmission electron microscopy image
in cross-section, using the Focused Ion Beam (FIB) tech-
nique, of the reaction or boundary film resulting from the
reaction ol the carbon spheres with the STO-MO surfactant 1s
shown 1n FIG. 12. The reaction or boundary film looks rather
thick, featureless and discreet on the steel surface. The reac-
tion film was distinctly darker in color, suggesting that the
f1lm was carbon-rich due to carbon sphere interaction. More-
over, the reaction film was more than 200 nm thick, suggest-
ing very robust processes that lead to the formation of such
reaction {ilms. Thus, 1t appears that the addition of the STO
surfactant to the carbon sphere-based lubricant provides
excellent tribological performance due to the enhanced inter-
action of the lubricant with the sliding surface to form a
highly durable and protective boundary film.
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Preferred embodiments of this invention are described
herein, including the best mode known to the inventors for
carrying out the invention. Variations of those preferred
embodiments may become apparent to those of ordinary skill
in the art upon reading the foregoing description. The mven-
tors expect skilled artisans to employ such variations as
approprate, and the inventors intend for the invention to be
practiced otherwise than as specifically described herein.
Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims
appended hereto as permitted by applicable law. Moreover,
any combination of the above-described elements 1n all pos-
sible variations thereol 1s encompassed by the mmvention
unless otherwise indicated herein or otherwise clearly con-
tradicted by context. It 1s also understood that additional
improvements 1n the friction and wear properties of the car-
bon-based lubricant additives of the invention can be
expected to be made 1n the future by improving and optimiz-
ing the autogenic processing techniques and conditions
whereby the materials are fabricated.

The embodiments of the mnvention 1n which an exclusive
property or privilege 1s claimed are defined as follows:

1. A lubricant composition comprising carbon particles
suspended 1n a liquid hydrocarbon carrier; wherein the car-
bon particles are prepared by heating neat, high or low density
polyethylene 1n a sealed reactor at a temperature 1n the range
of at least about 700° C. and under an autogenic, self gener-
ated pressure 1n the range of about 800 to about 2000 pounds-
per-square inch (psi1), subsequently cooling the reactor to less
than 100° C. and 1solating the resulting particulate carbon
material from the reactor; wherein the carbon particles are
generally spherical 1n shape, not hollow, and have an average
diameter in the range of about 1 to about 5 micrometers;
wherein the liquid hydrocarbon carrier comprises a poly(al-
pha olefin) and the carbon particles are present 1n the com-
position at a concentration in the range of about 0.5 to about
1 wt %.

2. The lubricant composition of claim 1 further comprising,
a surfactant.

3. The lubricant composition of claim 2 wherein the sur-
factant comprises a non-ionic surfactant.

4. The lubricant composition of claim 2 wherein the sur-
factant comprises sorbitan trioleate.

5. The lubricant composition of claim 2 wherein the sur-
factant 1s present in the composition at a concentration in the
range of about 1000 to about 20000 parts-per-million (ppm).

6. The lubricant composition of claim 1 wherein the carbon
particles have been heat-treated under an 1nert atmosphere at
a temperature 1n the range of about 1000 to about 3000° C.
prior to suspending in the liquid hydrocarbon carrier, and the
carbon particles have a density of about 2.1 grams-per-cubic
centimeter (g/cc).
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